The apparent spin-orbit splitting of 4d energy levels in cadmium metal and cadmium dimethyl is discussed in terms of crystal-field and band-broadening models. The use of nuclear field gradients from Mossbauer and NQR measurements in distinguishing between these two models is evaluated by CNDO calculations on cadmium dimethyl and a cadmium atom cluster (Cd 13 ). The calculations suggest that the use of nuclear field gradients cannot reliably distinguish between crystalfield and band-broadening mechanisms.
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I. Introduction
There have been many studies of the apparent spin-orbit splitting of core and valence-level hole-states, as observed by photoelectron spectroscopy. rnb f 1-8, h' h h d 9
f' , For a nu er 0 cases ln w lC t e con 19uratlon
was produced in the photoelectron experiment, the apparent spin-orbit splitting was found to be greater than that of the free ion. This increase in apparent spin-orbit splitting has ,been interpreted using two, different models, a "crystal-field" model and a "band-broadening", or "d band overlap" model. The two models differ primarily in that the crystal-field model assumes that lattice symmetry is dominant in increasing the ~pparent spin-orbit splitting, while the band-broadening model assumes that crystal symmetry has little influence.
In the crystal-field model the increase in apparent spin-orbit splitting is explained 2 by considering th~ final state of the photoelectric transition in terms of a one-electron (hole) problem, and ,;"
writing the appropriate hole-state Hamiltonian in the one-electron approximation as:
Here h contains the kinetic-energy operator and the 'spherical coulomb o potential of the inner ion core. The h term includes the potentials o due to neighboring atomic cores and the valence electrons (including those of the atom under consideration), and h is the one-electron so spin-orbit Hamiltonian. One may, for reasons discussed previously,2 assume that direct changes in the expectation value of h cannot be so -2-responsible for the increase in apparent spin-orbit splitting in the case of core-like levels . . The increase is therefore explained by the term h c ' which may be written in terms of crystal-field parameters, B~:
k=2,4 q=-k
Here o~ is the appropriate spin operator,9 which may be expressed as eigenvalues of angular momentum operators; e.g., 
if the small B~ term is neglected. There are many other ways of defining the crystal-field parameters, some using different symbols for the
same term (e.g., Bancroft et al., call B 2 , C 2 which both take the same value), and some the same symbol for different terms. All the crystalfield parameters of a given k and q are proportional to one another. -3-via its orthogonalization to wave functions on neighboring atoms. Or thogonalization leads to an increase in the d electron wave function coefficient, and therefore in the coupling strength E;.. This effect is overlap-dependent, and the same overlap will also determine the extent to which an atomic level is broadened into a band. It has therefore 2 been argued that the overlap model is not important in the increase of apparent spin-orbit splitting in core-like levels.
A number of exp~rimental studies have been carried out to determine which of the two models is more important in explaining the observed We believe that this does not close the matter, because the use of equation (5) is approximate at best.
In fact it appears to be based on the misconceptions that all interactions can be treated in a pointcharge approximation and that the 4d shell, like the nucleus, is so small that it can be treated like a point multipole moment interacting with the electromagnetic field. However, it was pointed out earlier 2 that the analogy between the electric field gradient at the nucleus and the enhanced spin-orbit splitting rests upon a similarity in sym- The results of these calculations show that the use of Equation (5) is in fact inappropriate for these two compounds, and that the crystalfield model is probably a suitable model for cadmium metal.
II. Calculations and Discussion
Calculations were carried otit"using the CNDO program described previously. 33.0246 eV (5s/p). 18 Slater exponents were used for C and H and Burns exponents were used for cadmium. The calculations were carried out on a CDC 7600 computer, using CDC single precision, and iterations were -6 stopped when the electronic energy converged to 10 . In the Cd 13 ,.. -7- the initial electronic energy levels had to be populated such that the symmetry of the system was not artificially lowered. This situation can arise in the Cd l3 cluster due to the very close stacking of the energy levels into a band.
To compare the results for cadmium dimethyl and cadmium metal we had to choose. an approach appropriate to both. Normally cadmium dimethyl would be considered using a molecular orbital approach and cadmium metal using a band structure approach. The evaluation of crystal field parameters B~ requires the identification of a specific number of energy levels (for the D3h case of cadmium dimethyl and cadmium metal there will be three 4d cadmium levels, two doublets and one singlet). In the metallic cadmium three (A' E' and E") identi-
-+ fiable levels will be found at k = O. If there is appreciable energy -+ dispersion with wave vector k leading to band broadening, then the situation will be complex, with the band being made up of A', and E', and E" levels admixed throughout the band (e. g., Ai ,E', Ai, E", E",
Ai, E', etc.) with Bloch functions that are k-dependent linear combinations of Ai, E', and E". In a band theory calculation we may still identify projections of the density of states of a particular symmetry type, but clearly for such a case it will not be possible to evaluate crystal-field parameters. Thus the test of applicability of the crystal-field model to cadmium metal is whether energy dispersion with wave vector can be neglected, i.e., whether the 4d level is core-like or not.
We have applied the CNDO molecular orbital method to both cadmium dimethyl and to cadmium metal so that values calculated may be compared It is, however, also six times larger than -10-8 . Bancroft et al. predicted (vide supra). At some point it is no longer worthwhile to pursue an approximate calculation such as CNDO, but we note that the calculation implies that band-broadening effects are sufficiently small to allow a crystal-field model to be applied. The
Cd l3
cluster has three types of cadmium atom that differ due to the symmetry of the cluster. This,is reflect.ed in the calculated cadmium and decreased or changed in sign otherwise.
e/ e n/ n .
To test t e accuracy of the substltutlon 0 qA qB = qA qB ln Equation (5) -11-C = C (p -1/2(P + P ») a zz xx yy (6) where C is the nuclear quadrupole coupling constant, P , P , and P zz xx yy the electron populations of the P , P , and P atomic orbitals, respecz x y tively, and Co is the nuclear quadrupole coupling constant per p electron.
We thus obtain:
qn(Cd(CH 3 )2) 
Using the values calculated for P in our CNDO calculation, we obtain the ratio 6.65, which compares well with the experimental (vide supra) ratio of 7.57. Our ratio for B~(Cd(CH3)2)/B~(Cd13) is l.95,in poor agreement.
e/ e n/ n , In our V1ew t 1S indicates that the substitution of qA qB = qA qB 1n Equation (5) by Bancroft et al. 8 is unsuitable for comparing cadmium dimethyl with cadmium metal. This result is not surprising. Equation (5) has no theoretical justification, and is not expected to hold for two substances as different as cadmium metal and cadmium dimethyl.
III. Conclusions
The discussion above throws serious doubt on the validity of equating the ratio of a B~ crystal-field parameter for two compounds with the ratio of their nuclear electric field gradients. The calculations imply, without conclusively proving, that a crystal-field model is suitable for the explanation of the enhanced apparent spin-orbit spliting observed by photoemission in the 4d region of cadmium metal.
